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Lipid droplets (LDs) have been the focus of intense research for the past decade because of their active
engagement in lipid metabolism and relationship with diseases. In contrast to other intracellular organelles,
LDs are composed of a mass of hydrophobic lipid esters that is covered with a phospholipid monolayer. The
unique architecture makes the LD a formidable object to study by the methods available today, and many
fundamental questions remain unanswered. This review focuses on some of those questions, such as how
LDs form and grow, how proteins move to and from LDs, and how LDs are related to protein degradation;
we will also discuss what is not known about LDs. We think that small LDs that have thus far eluded analysis
are the key to resolving many of the above-mentioned questions.Lipid droplets (LDs) have been known since the early days of light
microscopy. LDs in white adipocytes look ‘‘vacant’’ (i.e., they
lack stainable materials) in paraffin sections because lipids
stored within them are lost during dehydration. In most cells
other than adipocytes, LDs are too small and/or too few to be
seen in histological sections, but electron microscopy (EM) re-
vealed that LDs exist nearly ubiquitously from bacteria to
mammalian cells. However, LDs were largely regarded as an
inert depot of excessive lipids, and it is only in recent years
that the view has changed drastically. LDs are now thought to
be a distinct organelle in the cell. The pandemic of obesity is a
strong motivating factor that stimulates research on LDs from
a medical viewpoint, but molecular and cellular biologists are
also interested in the unique nature of LDs.
Despite active research on LDs, many questions concerning
their basic nature remain unanswered. This may be similar to
the situation encountered with any other cellular structure, but
the LD’s unique architecture, which makes LDs vacant in
histological sections, adds further difficulties and intriguing chal-
lenges. Microscopy, biochemistry, molecular biology, and many
other techniques have been used to investigate them, but they
often seem less effective for studying the lipid-dominant LDs
than when they are applied to protein-rich structures.
Reflecting increasing interest in LDs, many comprehensive
review articles have become available over the last few years
(Fujimoto et al., 2008; Fujimoto and Parton, 2011; Goodman,
2008; Greenberg et al., 2011; Kohlwein et al., 2013; Murphy,
2012; Walther and Farese, 2012). Thus, we decided to structure
this article differently. We start by giving a brief introduction on
LDs and focus the bulk of the discussion on several unsolved
problems that relate to the LD’s unique structure, highlighting
the shortcomings of currently available methods. We hope
that this discussion of many open questions regarding LD
biology will ignite interest among researchers and encourage
them to start thinking about new ways to deal with this enig-
matic ball of fat.
Basic Information on LDs
Structure
LDs consist of a mass of lipid esters covered with a phospholipid
monolayer (Figure 1A) (Tauchi-Sato et al., 2002). In most cells,86 Chemistry & Biology 21, January 16, 2014 ª2014 Elsevier Ltd All rlipid esters are triacylglycerols (TGs) and steryl esters (SEs),
but the TG/SE ratio varies among cells (Murphy, 2001). Diacyl-
glycerol (DAG), the immediate precursor and a degradation
product of TG, is also present in LDs (Kuerschner et al., 2008).
In yeast LDs, sterol biosynthesis intermediates are present as
esters (e.g., zymosterol ester) (Czabany et al., 2008) or by them-
selves (e.g., squalene) (Spanova et al., 2010).
The phospholipid monolayer together with bound proteins
shields hydrophobic lipid esters from the aqueous cytosolic
milieu (Figure 1A). Mass spectrometric analyses of isolated
LDs revealed some unique features of the phospholipids. In
mammalian LDs, phosphatidylcholine (PC) and phosphatidyleth-
anolamine (PE) are major species as in other membranes, but
LDs also contain lysophosphatidylcholine and lysophosphatidy-
lethanolamine with unsaturated fatty acids and the ether-linked
form of PC and PE (Bartz et al., 2007; Tauchi-Sato et al.,
2002). Yeast LDs also show features different from other mem-
branes, and phosphatidylinositol is the second most abundant
phospholipid after PC (Grillitsch et al., 2011).
Free cholesterol (FC) exists abundantly in the surface of white
adipocyte LDs (Prattes et al., 2000) and is also found in LDs of
other cell types (Zweytick et al., 2000). Whether FC exists only
in the surface or both in the surface and the core is not known.
Synthesis and Hydrolysis of Lipid Esters
In mammalian cells, the final step of TG synthesis is catalyzed by
diacylglycerol acyltransferases (DGAT1 and DGAT2), and that of
cholesterol ester synthesis is done by acetyl-CoA cholesterol
acyltransferases (ACAT1 and ACAT2) (Chang et al., 2009; Yen
et al., 2008). The enzymes are present in the endoplasmic retic-
ulum (ER) membrane, but ACAT1 and DGAT2 are enriched in the
mitochondria-associatedmembrane (MAM) (Rusin˜ol et al., 1994;
Stone et al., 2009) and DGAT2 is also likely to exist in LDs
(Kuerschner et al., 2008; Stone et al., 2009; Wilfling et al.,
2013). In yeast, deletion of enzymes for lipid ester synthesis
(i.e., Dga1p and Lro1p for TG and Are1p and Are2p for SE) abol-
ishes LDs observable by fluorescence microscopy (Sandager
et al., 2002). The result may indicate that other lipids, such as
DAG and squalene, do not make LDs on their own (Spanova
et al., 2010). But as discussed below, LDs that are smaller than
microscopic resolution may exist even in the absence of TG
and SE.ights reserved
Figure 1. Basic Morphology of LDs
(A) The basic structure of LDs. A phospholipid
monolayer covers the core of lipid esters.
(B) LDs in cultured cells stained with BODIPY493/
503.
(C) LDs in cultured cells observed using conven-
tional EM. LDs show a much higher electron
density in cells treated with docosahexaenoic acid
(DHA; 22:6) than in those treated with oleic acid
(OA; 18:1).
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three free fatty acids. TG degradation in white adipocytes is
mediated by adipocyte triglyceride lipase (ATGL), hormone-sen-
sitive lipase (HSL), and monoglyceride lipase in that order, and
LD-associated proteins are engaged in regulation of the process
(Brasaemle, 2007; Zechner et al., 2012). In comparison to TG, the
mechanism of SE hydrolysis is less well understood.
Proteins
Perilipins (i.e., perilipin1–5) are the first proteins that were identi-
fied in LDs (Bickel et al., 2009; Brasaemle, 2007). Perilipin1 in
adipocytes and perilipin5 in oxidative cells (e.g., striated mus-
cles) function both as a lipolytic barrier and a regulator of TG
hydrolyzing enzymes. Ubiquitously expressed perilipin2 and
perilipin3 also seem to act protectively against lipolysis, implying
that perilipins are crucial for mammalian LDs. It is notable that
yeast lacks perilipins and that Drosophila can retain LDs even
in their absence (Bi et al., 2012).
Proteomic analysis of isolated LDs identified more than 200
proteins (Hodges and Wu, 2010), including proteins seemingly
unrelated to LDs or lipids. The latter proteins may be derived
from contamination by other organelles. On the other hand,
DGAT2 was observed to exist in LDs in imaging studies
(Kuerschner et al., 2008; Stone et al., 2009; Wilfling et al.,
2013), but it has never been detected in isolated LDs. The reason
for this discrepancy has yet to be explained.
Distribution in the Cell
LDs frequently localize adjacent to the ER, mitochondrion, and
peroxisome, which likely reflects close functional interactionsChemistry & Biology 21, January 16, 201between LDs and these organelles (Fuji-
moto et al., 2008). The molecular mecha-
nism underlying the association of LDs
and other organelles is largely unknown,
although multiple protein-protein interac-
tions are likely to be involved as sug-
gested by a bimolecular fluorescence
complementation assay (Pu et al., 2011).
LDs and the associated organelles are
generally observed to be intercalated
with a narrow gap, but in yeast undergo-
ing active b-oxidation, peroxisomal ex-
tensions penetrate into the LD core and
make hemifusion structures (Binns et al.,
2006).
The cytoskeleton plays a role in
controlling LD distribution. Using live
imaging, some LDs show a long-range
directional movement along microtu-
bules, which is consistent with the pres-ence of dynein and kinesin-1 in LDs (Welte, 2009). But most
LDs show a short-distance Brownian movement, suggesting
that the LD distribution is also affected by factors like intermedi-
ate filaments (Franke et al., 1987) and other organelles (Wolinski
et al., 2011).
Heterogeneity
TG and SE can colocalize in the same LDs (Cheng et al., 2009;
Kellner-Weibel et al., 2001), but TG-dominant and SE-dominant
LDs may form separately (Hsieh et al., 2012). Acyl chain compo-
sition in TGs can also vary among LDs (Horn et al., 2011; Rinia
et al., 2008). The overall composition of phospholipids appears
to be common irrespective of the cell type (Bartz et al., 2007),
but its heterogeneity among LDs in a cell has not been
addressed.
All LDs within a cell do not have the same set of proteins. The
composition of perilipins, which appears to be correlated with
the functional state of LDs (Wolins et al., 2005), is best studied.
Additionally, two separate LD populations were found in cells
treated with fatty acids: expanding LDs that bear enzymes of
the TG synthetic pathway and static LDs without the enzymes
(Wilfling et al., 2013). The correlation between the lipid and pro-
tein heterogeneities is not known, andmethods like direct organ-
elle mass spectrometry need to be refined to give a detailed
analysis (Horn et al., 2011).
LDs vary most with regard to their size. The size variation
between adipocyte (>100 mm) and nonadipocyte (5 mm) LDs
is well recognized, but a more drastic size difference occurs
among LDs within a cell, because nascent LDs are likely to be4 ª2014 Elsevier Ltd All rights reserved 87
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sequences due to a huge difference in the surface-to-volume
ratio and the surface curvature were discussed elsewhere
(Suzuki et al., 2011).
Main Methods Used to Study LDs
Fluorescence Microscopy
Large LDs can be observed using differential interference
contrast microscopy (Nagayama et al., 2010), but smaller LDs
can be detected only by using lipophilic dyes, such as
BODIPY493/503, that partition to the hydrophobic LD core
(Figure 1B). BODIPY558/568-C12 is a fatty acid analog and labels
LDs by being converted to lipid esters (Suzuki et al., 2013).
Labeling with fluorescence dyes is convenient, but the dyes
may modulate LD activity in live cells; an increase of LD fusion
and a change in LD motility were noted (Paar et al., 2012). Addi-
tionally, the dyesmay not label all LDs equally due to a difference
in the lipid ester composition (Hsieh et al., 2012) or excretion by
multidrug resistance transporters (Ivnitski-Steele et al., 2009).
Some of these problems may occur as a result of the BODIPY
group, which has excellent fluorescent properties, but does
not behave like natural acyl chains (Kaiser and London, 1998).
Despite the limitations of lipophilic dyes, GFP-conjugated LD-
specific proteins may not be used as an alternative, because
none of them are proven to be neutral to LD function and their
overexpression may influence LDs in unpredictable ways.
New Microscopes
Noninvasive observation of LDs in live cells is possible using
Raman microspectroscopy (van Manen et al., 2005), third-har-
monic generation (THG) microscopy (De´barre et al., 2006), and
coherence anti-stokes Raman scattering (CARS) microscopy
(Nan et al., 2006). CARSmicroscopy has better spatial resolution
than Raman microspectroscopy and THG and delineated mi-
croLDs in adipocytes (Yamaguchi et al., 2007). Stimulated
Raman scattering microscopy increased the ability of CARS
microscopy by suppressing the nonresonant background from
the surrounding medium and enabled visualization of LDs in
the 1 mm range with less photodamage (Dou et al., 2012). A
further improvement in spatial resolution is awaited.
Electron Microscopy
Using transmission EM, LDs are observed as round structures
lacking the limiting membrane. The electron density of LDs in
ultrathin sections varies, ranging from electron-lucent to dark
gray, which is determined primarily by the amount of a heavy
metal staining agent, osmium tetroxide, that is bound to unsatu-
rated acyl chains in lipid esters (Cheng et al., 2009) (Figure 1C).
Large LDs can be identified unambiguously, but LDs smaller
than 50 nm are difficult to distinguish from other structures like
free ribosomes and glycogen granules. This is not the problem
of limited resolution offered by current instruments per se,
because membrane-bound vesicles smaller than 50 nm (e.g.,
synaptic vesicles) can be observed clearly. Rather, to clearly
observe small LDs in cells, methods to impart an appropriate
contrast to lipid esters are needed.
A more important challenge that limits the use of EM is sample
preparation, because routine sample handling procedures for
EM are not likely to preserve the LD structure. Aldehydes do
not react with lipids (except for aminophospholipids), whereas
osmium tetroxide and uranyl acetate can bind and insolubilize88 Chemistry & Biology 21, January 16, 2014 ª2014 Elsevier Ltd All rlipids, but the action is not exerted uniformly to all lipid classes
(Hayat, 2000). Due to these insufficiencies in chemical fixation,
lipid-dominant structures like LDs are prone to extraction and
deformation (Fukumoto and Fujimoto, 2002).
LDs should have a better chance to retain their native structure
by freeze-substituting quick-frozen specimens in solutions con-
taining uranyl acetate and/or osmium tetroxide and embedding
in resin at subzero temperatures (McIntosh et al., 2005). It would
be even better if quick-frozen specimens are processed without
using chemical reagents; direct observation using cryoelectron
microscopy (cryo-EM) (Al-Amoudi et al., 2004) as well as
freeze-fracture EM and deep-etch EM (Severs and Shotton,
1995) are available for this purpose. These methods are worth
more attention for the study of the LD structure.
Biochemical Fractionation
LDs are isolated from various cells and organisms by taking
advantage of their light buoyancy (Leber et al., 1994; Weller
et al., 1991). After cell disruption, LDs float to the top of density
gradients in ultracentrifugation and are easily collected.
Although the LD fraction thus obtained appears to be highly en-
riched with LDs, two possible artifacts have been pointed out.
One is contamination with other organelles. Mammalian ER
and yeast vacuoles are often associated with LDs in cells and
their fragments may be included in the LD fraction (Hodges
and Wu, 2010; Leber et al., 1994). The second is nonspecific
adsorption of unrelated proteins to LDs. Large LDs are likely
to be fragmented in cell disruption (Brasaemle et al., 2004;
Tauchi-Sato et al., 2002), causing a mismatch between the sur-
face and the volume of LDs. The resultant exposure of lipid
esters may lead to adherence of proteins with hydrophobic
patches (Ohsaki et al., 2009).
Lipoprotein particles are similar to LDs in their architecture and
are also made of lipid esters surrounded by a phospholipid
monolayer. The size of lipoproteins is diverse; chylomicrons
are often larger than 1 mm, whereas high-density lipoproteins
(HDL) are 5 to 15 nm. The density of lipoproteins is inversely
correlated with the size, ranging from less than 0.95 g/ml (chylo-
micron) to more than 1.063 g/ml (HDL), which is higher than that
of microsomes (Jairam et al., 2012) (Figure 2). It is reasonable to
think that a similar size-density correlation exists for LDs and that
the top-floating LD fraction contains only large LDs. In fact,
partitioning of smaller LDs in denser fractions was suggested
(Bartholomew et al., 2012; Takahashi et al., 2010). Accordingly,
biochemical analysis using the LD fraction is likely to be biased
toward large LDs.
Open Questions in LD Biology
How Do LDs Form and Grow?
This is the most fundamental question in LD biology. Enzymes
catalyzing the last step of TG and SE synthesis are in the ER.
Hydrophobic TGs and SEs are likely to be assimilated in the
ER membrane, where they can exist in the phospholipid layer
(i.e., in parallel with phospholipids) up to a few mol % (Gorrissen
et al., 1980, 1982). But when their content exceeds the solubility
limit, they are thought to be sequestered (‘‘oiled out’’) between
the two leaflets of the ER membrane (Figure 3A). Formation of
TG aggregates in the membrane was shown by coarse-grained
simulation (Khandelia et al., 2010) and experimentally by using
a model membrane (Duelund et al., 2013). In the cellularights reserved
Figure 2. Correlation of Size and Density
The size and density of lipoproteins vary and only
chylomicrons show the density of less than 1 g/ml
(adapted from Jairam et al., 2012). LDs are likely to
show a similar diversity, and smaller LDs are not
likely to be partitioned to the LD fraction.
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pholipid layers was also observed, albeit only in exceptional
cases (Ohsaki et al., 2008; Wanner et al., 1981).
If we assume that lipid esters form aggregates in the mem-
brane (for simplicity’s sake, hereafter we will call the aggregates
in the ER membrane ‘‘prenascent LDs’’), the question remains
how they become LDs (Figure 3A). It has been hypothesized
that nascent LDs form either by the budding or hatching of pre-
nascent LDs or by transformation of ER-associated vesicles
(Fujimoto et al., 2008; Walther and Farese, 2012), but neither of
these hypotheses is supported by solid data. According tomath-
ematical modeling, LDs of about 12 nm in diameter can bud from
the membrane by nonhomogeneous phospholipid distribution
(Zanghellini et al., 2010). Lipidic particles of a similar size range
were detected by 1H nuclear magnetic resonance spectroscopy
(Hakuma¨ki and Kauppinen, 2000) and were obtained by immu-
noprecipitation (Bartholomew et al., 2012), but it is not clear
how they are related to nascent LDs.
Several proteins are hypothesized to be involved in the LD for-
mation process. Perilipin2 is a prime candidate because its defi-
ciency induces an increase in microsomal TG at the expense of
TG in LDs (Chang et al., 2006), whereas its overexpression
causes an opposite shift (Listenberger et al., 2007). Overexpres-
sion of fat storage-inducing proteins 1 and 2 (FIT1 and FIT2),
which are transmembrane ER proteins, also induces TG-rich
LD formation and deficiency of FIT2 decreases the size and num-Chemistry & Biology 21, January 16, 201ber of LDs (Kadereit et al., 2008). These
results suggest that the proteins are
necessary for LD biogenesis, but the
outcome of the manipulations was
examined using only microscopy and/or
biochemical fractionation. Because these
methods can only capture large LDs, it is
not clear whether the proteins are only
related to LD growth or have any function
in the initial stage of LD formation.
In contrast to formation, growth of LDs
in the visible size range can be studied
using imaging methods. LDs appear to
grow by three different mechanisms: LD-
LD fusion, lipid ester transfer between
LDs, and lipid ester synthesis in situ (Fig-
ure 3B). Fusion of LDs is usually a rare
event, but it can occur frequently under
some conditions (Ariotti et al., 2012). Lipid
ester transfer is a much slower process
than LD fusion and is thought to occur
via a bridge-like structure containing
Fsp27, from a smaller to a larger LD de-
pending on the internal pressure differ-
ence (Gong et al., 2011). Other LDsappear to become larger without apparent fusion or adjoining
with other LDs and they may be incorporating de novo-synthe-
sized lipid esters. In mammalian cells, DGAT2 localizing in the
LD surface is thought to contribute to this process (Kuerschner
et al., 2008; Stone et al., 2009; Wilfling et al., 2013). But growth
without detectable fusion/adjoining events does not necessarily
indicate this mechanism, because the growing LD may be fused
with LDs that are too small to be detected by the technology that
is currently available.
Improvement in spatial resolution of microscopic methods,
especially noninvasive techniques, should help clarify the LD for-
mation and growth mechanism. It is also important to develop
cell-free methods that reproduce the process of LD formation.
With such an in vitro system, conventional biochemical tech-
niques should be able to analyze nascent LDs without interfer-
ence from other cellular components.
Does the LD Core Have Internal Structures?
Lipid esters appear to preclude the presence of hydrophilic and
amphiphilic molecules in the LD core. This supposition is consis-
tent with the EM observation, in which LDs are observed as
featureless round objects with no internal structure. However,
this image may be deceptive and some differentiation may exist
in the LD core (Figure 4).
Small-angle X-ray scattering of isolated yeast LDs showed
concentric SE layers surrounding the TG core (Czabany et al.,
2008), which may correspond to concentric lines in isolated4 ª2014 Elsevier Ltd All rights reserved 89
Figure 3. Processes of LDs Formation and Growth
(A) Lipid esters accumulate between the two phospholipid layers (‘‘oil-out’’) to form prenascent LDs, which become nascent LDs with or without an intervention of
LD-associated proteins.
(B) Mechanisms of LD growth include (a) LD fusion, (b) transfer of lipid esters through a bridge-like structure, and (c) accretion of lipid esters in situ.
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The disposition of lipid esters is important in lipolysis, because
lipases can get access to the lipid esters only from the LD
surface, so that if SE layers cover TG, SE hydrolysis should
always accompany TG digestion. However, considering the
vast differences in the melting point among lipid esters, ranging
from a subzero temperature to above 37C (e.g., triolein,5.5C,
and cholesteryl oleate, 44C to 47C, according to the Chemical
Book, http://www.chemicalbook.com/), their separation may
be induced during the isolation procedure, in which LDs are
mechanically disrupted and kept cold for several hours. It is
possible that TG and SE in LDs may exist in different patterns
in live cells (Cheng et al., 2009).
A more drastic departure from the homogeneity of the LD core
is the observation of ribosome-bound membranes inside leuko-
cyte LDs by EM (Wan et al., 2007). RNA, RNA-binding proteins,
and ribosomal subunits were also detected by analysis of iso-
lated LDs (Cermelli et al., 2006; Wan et al., 2007). Additionally,
other proteins, for example eicosanoid-producing enzymes
and perilipins, were detected in the LD core using immunoelec-
tron microscopy (Melo et al., 2011; Robenek et al., 2009; Singh
et al., 2009). How those proteins can be accommodated in the
hydrophobic environment has not been addressed, but the re-
sults suggest that some LDs may have a structure that is
different from the common LD diagram.90 Chemistry & Biology 21, January 16, 2014 ª2014 Elsevier Ltd All rConsidering the fact that chemical fixatives do not react with
most lipids, the native LD structure is not likely to be preserved
adequately with conventional morphological methods. Quick-
freezing methods are more appropriate than chemical fixation
in this respect because they can stabilize structures physically.
To take the best advantage of quick-freezing, development of
methods to impart sufficient contrast to the LD core in the frozen
specimens is needed.
How Do Proteins Move to and from LDs?
Proteins targeted to LDs do not have a consensus sequence and
probably bind LDs using several different mechanisms (Fig-
ure 5A) (Walther and Farese, 2012). A group of proteins bind
LDs with hydrophobic domains, which may take a hairpin-like
topology, and appear to translocate from the ER to LDs
(Figure 5B) (Jacquier et al., 2011; Zehmer et al., 2009). Themove-
ment can be explained by a structural ER-LD continuity, but the
continuity has rarely been observed (Ohsaki et al., 2008). It is
possible that the continuity forms only transiently and/or is very
fragile so that it cannot be captured by conventional methods.
In this context, it is notable that freeze-substitution EM of
quick-frozen specimens revealed ER tubules that appear to
end directly on LDs (Wilfling et al., 2013).
Even if the ER-to-LD trafficking occurs by lateral diffusion
through a structural continuity, some regulatory mechanism
should exist. This is suggested by the highly variable rate andights reserved
Figure 4. Structures in the LD Core
(A) Concentric SE layers may surround the internal TG core.
(B) TG and SE may be segregated.
(C) Membranes, ribosomes, proteins, and RNAs may exist.
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cence recovery after photobleaching method: from very slow
and incomplete (GFP-ALDI: approximately 30%of the initial fluo-
rescence intensity at 1 hr after photobleaching; Turro´ et al., 2006)
to fast and nearly complete (GFP-DGA1: approximately 70% at
300 s; Jacquier et al., 2011). Moreover, the reverse movement
(i.e., the LD-to-ER translocation) was observed for GFP-DGA1
(Jacquier et al., 2011), but not for GFP-GPAT4 (Wilfling et al.,
2013). The regulation may be controlled by a protein-protein
interaction, as exemplified by restricted LD partitioning of
UBXD8 by an ER protein UBAC2 (Olzmann et al., 2013).
Compartmentalization within the ERmay also count and proteins
enriched in the MAM may move to LDs more efficiently than
others (Jiang and Napoli, 2013; Stone et al., 2009).
Another enigma about proteins showing the dual ER-LD distri-
bution is that many of them are predicted to have transmem-
brane domains (Jacquier et al., 2011; Kohlwein et al., 2013),
which would prevent them from being accommodated in the
LD phospholipid monolayer. Some of those proteins may only
partition to the ER adjacent to LDs and not in LDs per se, but it
is not clear whether all the observations can be explained in
this manner.
Some LD-associated proteins appear to be transported by
vesicles (Figure 5B). ATGL is likely to be transported to LDs by
an Arf1-COPI- and/or Sar1-COPII-dependent vesicular mecha-
nism (Soni et al., 2009) (for a contradictory result, see Takashima
et al., 2011). Caveolin-1 is another example that is thought to
reach LDs by vesicular transport (Le Lay et al., 2006). Because
ATGL and caveolin-1 are bound tightly or integrated into mem-
branes, hemifusion between transporting vesicles and LDs is
supposed to mediate the protein transfer (Murphy et al., 2009),
but this has not yet been proven.
Other proteins are probably recruited to LDs from the cytosol
using different lipid-binding cues. The cue includes amphipathic
helices (e.g., CTP:phosphocholine cytidylyltransferase [CCT]),
prenylation (e.g., Rab18), and other hydrophobic sequences
(e.g., perilipin3). Some of these proteins also exist as soluble pro-Chemistry & Biolteins and may exchange between LDs and the cytosol repeat-
edly (Wolins et al., 2006). It is possible, however, that some pro-
teins may be destined for degradation once recruited to LDs.
The LD-ER and LD-vesicle interactions are likely to be tran-
sient, and this makes it difficult to clearly define the trafficking
route of LD-associated proteins. In vitro methods that can repro-
duce protein trafficking to and from LDs should be useful in
analyzing the molecular mechanism systematically.
How Are LDs Involved in Protein Degradation?
A number of proteins that are engaged in protein degradation by
the ubiquitin-proteasome system exist on LDs (Figure 6A). An E2
ubiquitin-conjugating enzyme, UBE2G2, and an E3 ubiquitin
ligase, atrophin-1-interacting protein 4 (AIP4), are recruited
to LDs by binding to ancient ubiquitous protein 1 (AUP1) and
SPG20/Spartin, respectively (Eastman et al., 2009; Edwards
et al., 2009; Klemm et al., 2011; Spandl et al., 2011). An AAA-
ATPase, p97/VCP, is bound to LDs through UBX-containing pro-
tein 8 (UBXD8) (Suzuki et al., 2012). In addition, proteasomes and
a proteasomal activity modulator are found in LDs (Keembiye-
hetty et al., 2011; Ohsaki et al., 2006).
The LD-resident ubiquitin-proteasomal system is engaged in
degradation of LD-associated proteins, such as perilipins and
cell death-inducing DNA fragmentation factor-45-like effector
proteins, thereby regulating LD functionalities (Chan et al.,
2007; Xu et al., 2005). Additionally, the system appears to be
involved in the ER-associated protein degradation (ERAD).
Apolipoprotein B-100 (ApoB) is a secretory protein that is lipi-
dated in the ER lumen to form pre-VLDL (very low-density
lipoproteins) particles. Upon proteasomal inhibition, lipidated
ApoB is found in the ubiquitinated form in LDs that are contin-
uous to the ER membrane and topologically equivalent to
prenascent LDs (Ohsaki et al., 2008). Another LD-related ERAD
substrate is 3-hydroxy-3-methylglutaryl coenzyme A (HMG-
CoA) reductase, the rate-limiting enzyme of the cholesterol syn-
thetic pathway. Although HMG-CoA reductase spans the ER
membrane, it is partitioned to the LD fraction before it is ex-
tracted to the cytosol and degraded by proteasomes (Hartmanogy 21, January 16, 2014 ª2014 Elsevier Ltd All rights reserved 91
Figure 5. LD-Associated Proteins
(A) Modes of binding by (a) hydrophobic domains (e.g., a hairpin loop-like
structure), (b) amphipathic helices, (c) a lipid anchor, (d) protein-protein
interaction, and (e) a combined/unknown mechanism.
(B) Trafficking routes (a) from the ER membrane, (b) by recruitment from the
cytosol, (c) by vesicular transport, and (d) by an unknown route.
Figure 6. LDs and Protein Degradation
(A) The ubiquitin-proteasomal protein degradation system in LDs. Proteins
such as UBXD8 may diffuse laterally from the ER to prenascent LDs through
the structural continuity.
(B) Cone-shaped lipids enriched at the negative membrane curvature of pre-
nascent LDs may play a critical role in ERAD. They may facilitate protein
translocation by modulating dislocon structures (left) or by forming nonbilayer
structures (right).
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show the dual ER-LD distribution (i.e., UBXD8 and AUP1) are
involved in HMG-CoA reductase degradation (Hartman et al.,
2010; Suzuki et al., 2012). These results suggest that prenascent
LDs are also involved in ERAD of HMG-CoA reductase.
It was previously hypothesized that LDs hatching from the ER
may escort ERAD substrates to the cytoplasm (Ploegh, 2007).
We speculate that cone-shaped lipids, like PE and DAG, that
are enriched at the negative curvature of prenascent LDs play
critical roles in protein dislocation in ERAD (Adeyo et al., 2011;
Hoerl et al., 2011) (Figure 6B). As shown in other instances
(Van Voorst and De Kruijff, 2000), the cone-shaped lipids may
modulate the structure and function of channel proteins and
facilitate protein dislocation. Alternatively, nonbilayer structures
may form transiently and make proteins extractable from the
membrane (Rilfors and Lindblom, 2002). In this context, it is
notable that TG promotes the bilayer-to-nonbilayer transition
(Prades et al., 2003).
Persistence of ERAD in yeast that lack lipid ester-synthesizing
enzymes (dga1Dlro1Dare1Dare2D) (Olzmann and Kopito, 2011)
seems incompatible with the above speculations. However,
LDs below the detection limit of light microscopy may suffice
for ERAD. That is, DAG exists in dga1Dlro1Dare1Dare2D cells92 Chemistry & Biology 21, January 16, 2014 ª2014 Elsevier Ltd All r(Sandager et al., 2002), as do zymosterol ester and squalene,
and they should be sufficient to make prenascent LDs (Jacquier
et al., 2013). The yeast mutant lacking lipid ester-synthesizing
enzymes appears to be a good starting material to construct
an in vitro system to delineate whether and how lipids are
involved in ERAD.
LDs are also related to another protein degradation system:
autophagy. Autophagy was implicated in the degradation of
LD-bound proteins (Ohsaki et al., 2006) and LDs (Singh et al.,
2009). However, autophagosomes and LDs may not be in a sim-
ple predator-prey relationship, because isolation membranes
appear to form within LDs (Singh et al., 2009). Moreover, two
proteins indispensable for autophagy, Atg7 and LC3, are also
necessary for LD formation in some circumstances, and LC3 in
LDs appears to be in the PE-conjugated form as in isolationights reserved
Figure 7. LDs and Phospholipid Turnover
During LD growth, CCT is recruited to LDs and activates PC synthesis.
The increased PC and CCT per se fill the packing defect. Note that the final
step of PC synthesis occurs in the ER. Lipins synthesizing DAG are also
recruited to LDs.
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explain all these phenomena has yet to emerge, but it is notable
that both LDs and isolation membranes may originate in the
MAM (Hamasaki et al., 2013; Jiang and Napoli, 2013; Stone
et al., 2009). Considering the fact that both LDs and isolation
membranes are lipid-rich structures, analysis of lipid dynamics
appears important to understand their structural and functional
relationship.
Do LDs Work as a Sensor to Regulate the Cellular Lipid
Turnover?
Vesicular organelles with an aqueous lumen may change shape
in a flexible manner. In contrast, LDs need to be round to mini-
mize the interface between hydrophobic lipid esters and the
cytosol. Because of this requirement, the amount of LD surface
molecules must be controlled in accordance with the volume of
lipid esters to prevent formation of packing defects in the phos-
pholipid layer (Bigay and Antonny, 2012; Ohsaki et al., 2009).
Consistent with this, phospholipid synthetic enzymes were iden-
tified as a determinant of the LD size and number (Guo et al.,
2008).
CCT, the rate-limiting enzyme of the Kennedy pathway for PC
synthesis, is recruited to expanding LDs (Krahmer et al., 2011),
suggesting that CCT binds to a packing defect in the LD surface
and is activated there (Figure 7). That is, the requirement to
tightly regulate the LD surface-to-volume ratio appears to be ex-
ploited as a sensor in the feedback mechanism to control the
cellular PC content. In this respect, LDs may be less importantChemistry & Biolin mammals than in Drosophila, because active CCT in mamma-
lian cells is located in membranes more abundantly than in LDs
(Krahmer et al., 2011). This may be due to a difference in the
phospholipid composition in the two species (Jones et al.,
1992; van Meer et al., 2008): cone-shaped PE is the major phos-
pholipid in Drosophila and a small decrease of PC can cause a
significant packing defect, whereas the PC-dominant mamma-
lian LDs may be less sensitive to the PC decrease. Additionally,
it is important to note that binding of CCT per se can fill the pack-
ing defect, so high levels of PC synthesis may not be required
(Taneva et al., 2012). This also suggests that the role of LDs in
PC regulation needs to be studied in a physiological setting
without overexpression of CCT or other amphitropic proteins.
DAG seems to be another key molecule in LDs (Adeyo et al.,
2011). DAG is a precursor and a degradation product of both
TG and phospholipids and can exist both at the surface and in
the core of LDs. Distribution of DAG is critically important for
the fate of LDs, because the surface-to-volume ratio of LDs
needs to change in opposite directions depending on whether
DAG is converted to TG or phospholipids. Interestingly, mamma-
lian lipins that synthesize DAG fromPA are recruited to LDs prob-
ably via an amphipathic helix (Karanasios et al., 2010; Valdearcos
et al., 2011; Wang et al., 2011). On the other hand, the yeast lipin
ortholog, Pah1p, is activated in the ER near LDs (Adeyo et al.,
2011). Understanding how and where activated lipins are tar-
geted is important to elucidate the role of DAG in LD regulation.Concluding Remarks
Much about LDs remains unknown. In this review, we dealt only
with questions related to the unique structure of LDs. However,
there are many other important questions, especially those
related to different facets of LD function. For example, we do
not know why fatty acids that are liberated by hydrolysis of lipid
esters are used more efficiently, or may even be critical, for
several pathways than those synthesized de novo or those im-
ported from the extracellular milieu (Fujimoto and Parton, 2011).
Because of the importance of LDs in many physiological func-
tions, LD dysfunction may play a role in various human diseases
(Greenberg et al., 2011). In addition, several infectious patho-
gens, such as hepatitis virus type C and Chlamydia trachomatis,
exploit LDs for their proliferation (Saka and Valdivia, 2012). These
facts indicate the medical importance of LDs and at the same
time suggest that new remedies for the diseases may be devel-
oped by targeting LD-related molecules. Also important as a
target of LD research is the development of efficient methods
to harvest LDs for industrial biofuel production (Scott et al.,
2010).
For all these purposes, we need to know more about LDs. As
discussed above, methods available today may not be sufficient
to study small LDs. Novel methods to see, capture, and analyze
those ‘‘invisible’’ LDs are required to understand how LDs are
formed, how they grow, and how they function in cells and in
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